Vaccine development and pathogenesis studies for human enterovirus 71 are limited by a lack of suitable animal models. Here, we report the development of a novel neonatal gnotobiotic pig model using the non-pig-adapted neurovirulent human enterovirus 71 strain BJ110, which has a C4 genotype. Porcine small intestinal epithelial cells, peripheral blood mononuclear cells and neural cells were infected in vitro. Oral and combined oral-nasal infection of 5-day-old neonatal gnotobiotic pigs with 5310 8 fluorescence forming units (FFU) resulted in shedding up to 18 days post-infection, with viral titers in rectal swab samples peaking at 2.22310 8 viral RNA copies/ mL. Viral capsid proteins were detected in enterocytes within the small intestines on post-infection days (PIDs) 7 and 14. Additionally, viral RNA was detected in intestinal and extra-intestinal tissues, including the central nervous system, the lung and cardiac muscle. The infected neonatal gnotobiotic pigs developed fever, forelimb weakness, rapid breathing and some hand, foot and mouth disease symptoms. Flow cytometry analysis revealed increased frequencies of both CD4
INTRODUCTION
Human enterovirus 71 (EV71) is a small, non-enveloped, positivesense, single-stranded RNA virus. EV71 is a member of the human enterovirus A species and belongs to the Picornaviridae family. This virus causes human hand, foot and mouth disease (HFMD), which is frequently associated with severe and sometimes fatal neurological and respiratory disease. Most EV71 infections are asymptomatic or cause only mild and self-limiting HFMD symptoms, such as fever, diarrhea, skin rash, herpangina and vomiting. However, complicated cases with neurological symptoms, such as cerebellar ataxia, poliomyelitis-like syndrome and acute flaccid paralysis, as well as pulmonary edema and hemorrhages, which are associated with most deaths that occur as a result of EV71 infection, have been frequently documented during major outbreaks. [1] [2] [3] With the eradication of poliovirus in most parts of the world, EV71 is currently the most important neurovirulent enterovirus. EV71 infections result in more than a million cases of HFMD and hundreds of deaths in infants and young children annually, with the highest incidence and mortality rates observed in children between 6 and 23 months of age.
1, 4 However, no anti-viral therapies or vaccines are currently available for EV71. An effective vaccine and effective antiviral drugs are urgently needed to reduce EV71-induced morbidity and mortality. The pathogenesis of EV71 remains unknown, increasing the difficulty of preventative and therapeutic drug development.
Non-human primate and mouse models are commonly used to study EV71 infection. However, both types of animal models have significant limitations. With respect to the primate models, the monkeys used in most studies are older than the age range (i.e., 6 months-3 years) of infants during which most severe and fatal EV71 infections occur, limiting the effectiveness of these animals for modeling the pathogenic events and immune responses associated with severe EV71 infections in human infants. In addition, these primate models were established primarily using alternative inoculation routes rather than oral or nasal inoculation, which are the natural infection routes for EV71. [5] [6] [7] [8] [9] Furthermore, the economic and ethical issues associated with primate models greatly limit the utility of such models. Mice represent the most frequently used species for establishing animal models for the study of EV71 infection. While many studies on vaccines, antiviral drugs and pathogenesis have been conducted in mice, no mouse models have replicated the observed respiratory symptoms and lung lesions, such as pulmonary hemorrhage and edema, using any inoculation route. 10, 11 In addition, mice older than 2 weeks have not been successfully infected with EV71 to date, despite the use of immune-deficient mice 12 and EV71 receptor transgenic mice. 13 The lack of infection in older mice prevents the study of protective immunity induced by vaccines in these models. Therefore, better animal models are needed for testing vaccines and evaluating therapeutic approaches for EV71 infection and disease.
Pigs are widely used to study a variety of human diseases because these animals are similar to humans with respect to anatomy, physiology, genetics and immune responses. 14 Of the many immune system parameters that have been evaluated, less than 10% of the murine immune system is similar to the human immune system; in contrast, more than 80% of the porcine immune system is similar to the human immune system. 14 This similarity makes pigs a better model than mice for evaluating human infectious diseases, immune responses and vaccine development. Previous studies performed by our laboratory and other groups used gnotobiotic pigs to study rotavirus and norovirus infections and demonstrated that neonatal gnotobiotic pigs can be successfully used to model human enteric viral infections. [15] [16] [17] [18] [19] Furthermore, several receptors for EV71 have been identified; these receptors include P-selectin glycoprotein ligand-1, 20 scavenger receptor class B member 2 21 and sialylated glycans. 22 Conserved proteins that are functionally homologous to these receptors have been described in pigs. 23, 24 Thus, we hypothesized that neonatal gnotobiotic pigs may be susceptible to EV71 infection and provide a good animal model.
In this study, we infected a porcine intestinal epithelial cell line (i.e., IPEC-J2), peripheral blood mononuclear cells (PBMCs), neural cells and 5-day-old neonatal gnotobiotic pigs with the recently isolated C4-genotype neurovirulent EV71 strain BJ110 via the oral or combined oral-nasal routes. Clinical signs, virus shedding, virus tissue distribution, histopathology, IFN-c-producing T-cell responses and serum neutralizing antibody titers were studied to establish the neonatal gnotobiotic pig as a novel animal model for EV71 infection.
MATERIALS AND METHODS

Cell cultures
Vero cells (ATCC, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle medium supplemented with 2% fetal bovine serum, 1% penicillin and 1% streptomycin, according to the vendor's instructions. The IPEC-J2 cell line was a generous gift from Dr Anthony Blikslager (North Carolina State University, Raleigh, NC, USA) and was previously cultured in our laboratory. 25 PBMCs were isolated from neonatal pigs as previously described 26 and were cultured in the same medium as Vero cells. Pig neural cells were isolated from neonatal pig brains using a neural tissue dissociation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and were cultured in Neurobasal-A medium (Gibco, Grand Island, NY, USA) supplemented with 2% B27 and 1% 0.5 mM glutamine. Cultures of PBMCs and neural cells were confirmed based on morphology via light microscopy.
Virus inoculum preparation
The BJ110 (also called s110) strain of EV71 was isolated from a young male patient who was severely affected by EV71-induced neurological symptoms in Beijing, China in 2008. 12 The third passage of the BJ110 strain in Vero cells was used in the current study. The virus has not undergone any passages in pigs. EV71-infected Vero cells were infected at a multiplicity of infection (MOI) of 0.1 and cultured for 3 days at 37 6 C with 5% CO 2 . After two freeze-thaw cycles at 220 6 C, cell debris was removed by centrifugation at 700g and 4 6 C for 10 min. The supernatant was collected, concentrated and semipurified by ultracentrifugation through a 35% sucrose cushion at 140 000g and 4 6 C for 4 h using an SW28 rotor in a Beckman Coulter Optima-L90K ultracentrifuge (Beckman Coulter, Brea, CA, USA) prior to storage at 280 6 C. Virus titers were determined using a cell culture immunofluorescence (CCIF) assay. Immediately before inoculation, the virus was diluted to an appropriate concentration in Dulbecco's modified Eagle medium containing 1% penicillin and 1% streptomycin.
Cell culture immunofluorescence
Monolayers of Vero cells cultured in 96-well plates were infected with 10-fold serially diluted virus inocula or processed rectal swab samples and incubated at 37 6 C and 5% CO 2 for 18 h. After washing three times with phosphate-buffered saline (PBS, pH 8.0), the EV71-infected cells were fixed and permeabilized with 80% acetone for 10 min at room temperature and subsequently air-dried. After washing, 50 mL of a mouse anti-EV71 antibody (Abcam, Cambridge, MA, USA) diluted 1 : 1000 with PBS plus 1% bovine serum albumin (BSA) was added into each well. The plates were then incubated for 1 h at 37 6 C. After washing, the plates were incubated with 50 mL of a goat anti-mouse IgG1 antibody labeled with fluorescein isothiocyanate (Sigma-Aldrich, St Louis, MO, USA) for 1 h at 37 6 C. Finally, the plates were mounted with glycerol and examined under a Nikon Eclipse TS100 fluorescence microscope (Nikon, Tokyo, Japan). The number of fluorescent cells in each well was recorded, and the virus titer was reported as fluorescence-forming units (FFU)/mL. The protocol for assessing the infectivity of EV71 in pig primary cell cultures was the same as the protocol described above, except porcine cell cultures were used in place of Vero cell cultures.
Reverse transcription-polymerase chain reaction (RT-PCR) and Taqman real-time PCR RT-PCR was used to identify the EV71 virus and to detect virus shedding in rectal swab samples. The primer EV71-1 (59-ATA ATA GCA YTR GCG GCA GCC CA-39) was previously used in Dr Qian's lab, and the primer EVVP1-R (59-AGC TGT GCT ATG TGA ATT AGG AA-39) was described in a previous publication. 27 Reverse transcription was completed at 55 6 C for 60 min using a Bio-Rad MyCycler thermal cycler (Bio-Rad Laboratories, Inc. Hercules, CA, USA). The PCR cycling conditions were as follows: an initial denaturation at 95 6 C for 3 min, 35 cycles of 95 6 C for 20 s, 55 6 C for 20 s and 68 6 C for 20 s, and a final elongation at 68 6 C for 7 min. The 317 bp RT-PCR products were analyzed in 1% gels and subsequently purified and sequenced. The obtained sequences were then compared to the VP1 sequence of the BJ110 strain in GenBank (Accession NO HM002486.1).
A two-step Taqman real-time PCR was used to quantify the EV71 RNA copies in rectal swab and tissue samples from inoculated neonatal Gnotobiotic pigs. A primer pair (i.e., EV71VP14F: 59-GGA GAT AGC GTG AGC AGA GC-39 and EV71VP14R: 59-ACA GCG TGT CTC AAT CAT GC-39) and a Taqman probe (i.e., -TCA CTC ACG CTC TAC CAG CAC CCA-BHQ1) specific for the BJ110 strain of EV71 were designed based on the VP1 gene sequence of the BJ110 strain of EV71 using the OligoPerfect Designer (Life Technologies, Carlsbad, CA, USA) and were ordered from the same company. The reverse transcription step used the same RT-PCR protocol described above, except different primers were used. Taqman real-time PCR was conducted in a Bio-Rad iQ5 real-time PCR machine (Bio-Rad Laboratories). The 25 mL reaction volume consisted of 12.5 mL of 23 Sensimix buffer (Bioline, Taunton, MA, USA), 1 mL of 10 mM EV71VP14F, 1 mL of 10 mM EV71VP14R, 0.5 mL of 10 mM Taqman Probe, 2.5 mL of cDNA template and 7.5 mL of ddH 2 O. The PCR conditions were as follows: 1 cycle of 95 6 C for 10 min and 40 cycles of 95 6 C for 10 s and 60 6 C for 60 s, with real-time detection at the end of each cycle. To quantify EV71 RNA copies, a linear standard curve was also generated during each assay using serial dilutions of an EV71 DNA standard by adjusting the standard to a concentration gradient of 1310 8 copies/mL to 1310 0 copies/mL. The detection limitation was 100 copies.
Infection of neonatal gnotobiotic pigs
Near-term pigs of the Large White cross breed were derived by hysterectomy and maintained in germ-free isolator units as described
Human enterovirus 71 infection of neonatal gnotobiotic pigs X Yang et al 2 previously. 28 In the in vivo study, specific doses of the EV71 BJ110 strain viral inocula diluted in Diluent #5 (i.e., MEM containing 1% penicillin, 1% streptomycin and 1% HEPES) were administered to 5-day-old gnotobiotic piglets via the oral (O) or combined oral-nasal (O/N) route to test the infectivity of EV71 in neonatal gnotobiotic pigs (Table 1) . Control pigs were given an equal amount of Diluent #5. Sterilized IPTT-300 microchips (BioMedic Data Systems, Inc., Seaford, DE, USA) were implanted subcutaneously behind the ear of all pigs to measure body temperature. Clinical signs and body temperature were observed twice daily until euthanasia. Rectal swabs were collected daily to detect virus shedding. Upon euthanasia, organs and tissues were examined for gross lesions and various tissues were collected for histopathology, immunohistochemistry, RNA isolation, and cell isolation for in vitro cell culture and flow cytometry analysis. Blood was sampled weekly from the jugular vein of each pig to monitor serum neutralizing antibody titers. Rectal swabs were collected weekly to monitor sterility using blood agar plates and thioglycollate medium. All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee of Virginia Polytechnic Institute and State University.
Histopathology
The tissues harvested from euthanized pigs were immediately immersion-fixed in 3.7% paraformaldehyde (MP Biomedicals, Santa Ana, CA, USA) for 24 h at room temperature. The fixed tissues were trimmed, paraffin-embedded, sectioned, deparaffinized, rehydrated and stained with hematoxylin and eosin. Additionally, fixed small intestinal tissues were resin-embedded and stained with toluidine blue. The resulting sections were examined under a light microscope.
Immunohistochemistry
Unstained tissue slides from the histopathology study were used for immunohistochemistry. This analysis used the same primary and secondary antibodies as the CCIF assay described above. Briefly, deparaffinized and rehydrated slides were digested with IHC proteinase K (EMD Millipore, Darmstadt, Germany) for 20 min at room temperature. After washing twice in Tris-buffered saline (TBS)-0.1% Triton X-100 for 5 min, the slides were blocked with 10% normal goat serum in TBS-1% BSA for 1 h at room temperature. A primary mouse anti-EV71 monoclonal antibody diluted 1 : 1000 in TBS-1% BSA was added, and the slides were incubated overnight at 4 6 C. After washing twice in TBS-Triton X 100 for 5 min, a fluorescein isothiocyanate-conjugated secondary goat anti-mouse IgG diluted 1 : 128 in TBS-1% BSA was added; the slides were then incubated for 2 h at room temperature. All incubation steps were conducted in a humidified chamber. After counterstaining in propidium iodide (Invitrogen, Grand Island, NY, USA) for 30 min at room temperature, the slides were mounted with VectaShield mounting medium (Vector Laboratories Inc., Burlingame, CA, USA) and examined under a fluorescent microscope.
Flow cytometry
The frequencies of IFN-c-producing CD3
1 CD4 1 and CD3 1 CD8 1 T cells among the CD3 1 lymphocytes in various tissues (i.e., ileum, spleen, blood, lung and brain) were determined using intracellular staining and flow cytometry. Sample collection, sample processing and flow cytometry data collection and analysis were conducted as described in a previous publication. 16 Mononuclear cells from the lung and brain were isolated using the same procedure that was previously described for the spleen. 26 The mononuclear cells were stimulated in vitro with 10 mg/mL of semi-purified EV71 antigen or mockstimulated for 17 h before being subjected to intracellular staining. 16 
Viral neutralization assay
The virus neutralization assay was performed according to a previously described protocol, with some modifications. 29 Briefly, Vero cells were cultured in cell culture medium in 96-well plates for 4 days. Serially diluted heat-inactivated serum samples were mixed 1 : 1 with a fixed virus dilution (i.e., 100 FFU/50 mL) and incubated at 37 6 C for 1 h. Prior to infection, the medium was discarded and each well was washed once with PBS. A 100 mL serum/virus mixture was subsequently added to each well. Duplicate wells were infected for each serum dilution. After incubation at 37 6 C for 24 h, the plates were fixed with 80% acetone inside a chemical hood at room temperature for exactly 10 min. After washing the plates once with PBS10.05% Tween 20 (pH 7.4) for 2 min, a 1 : 1000 dilution of a mouse anti-EV71 VP1 monoclonal antibody (Abcam, Cambridge, MA, USA) in PBS11% BSA and a 1 : 1000 dilution of the goat polyclonal secondary antibody to mouse IgG-H&L conjugated to horseradish peroxidase (Abcam) in PBS11% BSA were added sequentially and incubated for 1 h at 37 6 C. After incubation with each antibody, the plates were washed three times with PBS10.05% Tween 20. Subsequently, 100 mL/well of an aminoethylcarbazole solution (Sigma-Aldrich) was added and incubated at room temperature for 15-30 min, depending on color development. The aminoethylcarbazole solution was then aspirated and 200 mL/well of PBS was added to stop the reaction. The plates were examined under a light microscope. The cytoplasm rather than the nucleus of an infected cell is stained red. The highest dilution at which complete neutralization (i.e., 0 red cells in the well) was achieved was recorded as the serum EV71-neutralizing titer.
Statistical analysis
The Kruskal-Wallis test was performed to compare body temperature, IFN-c-producing CD4 1 and CD8 1 T-cell frequencies and virus-neutralizing antibody titers between the EV71-inoculated and control groups using SAS 9.3 software (SAS Institute Inc. Cary, NC, USA). Differences for which P,0.05 were considered statistically significant.
RESULTS
Identification of the EV71 BJ110 strain virus inoculum EV71 was identified using RT-PCR, cytopathic effects (CPEs) and CCIF ( Figures 1A a-d) . The size of the RT-PCR product was 314 bp, and the sequence of this product matches the VP1 gene sequence of the EV71 BJ110 strain (GenBank: HM002486.1) (data not shown). CPEs characteristic of EV71, including rounding, aggregation, detaching and Human enterovirus 71 infection of neonatal gnotobiotic pigs X Yang et al 3 apoptosis, were observed in Vero cells; these effects typically began to appear 24 h after infection at an MOI of 1. EV71 viruses were further detected using an anti-EV71 capsid protein VP1-specific monoclonal antibody in CCIF ( Figure 1A d ). Based on these results, we confirmed that the virus stock was the EV71 BJ110 strain.
EV71 infects porcine cell cultures in vitro
The infectivity of EV71 was tested using porcine intestinal epithelial cells (i.e., IPEC-J2 cells), PBMCs and neural cells. The human EV71 BJ110 strain infected all three porcine cell cultures ( Figure 1B ). Consistent with most positive-strand RNA viruses, virus replication and assembly were detected in the cytoplasm, as indicated by exclusive cytoplasmic fluorescence. Although all three porcine cell cultures were susceptible to EV71 BJ110 strain infection, differences in the efficiency of intracellular viral replication and assembly were observed among these cell types, with the strongest immunofluorescence detected in IPEC-J2 cells, intermediate immunofluorescence detected in PBMCs and the weakest immunofluorescence detected in neural cells. However, no significant CPEs were observed in any of these porcine cell cultures.
To assess the efficiency of EV71 replication in IPEC-J2 cells, viral growth curves in both IPEC-J2 and positive control Vero cells were generated using Taqman real-time PCR. The viral RNA titers in the cell culture medium at different time points after infection at MOIs of 0.1, 1 and 10 are presented in Figure 1C After infection at an MOI of 0.1, the virus titer peak was delayed to 72 h. Similar to the result observed for Vero cells, the highest extracellular viral titer of 1.1310 5 RNA copies/mL was observed for IPEC-J2 cells infected at an MOI of 1.
Virus shedding and tissue distribution in infected neonatal gnotobiotic pigs Viral shedding was detected by RT-PCR or Taqman real-time PCR. For both the oral and combined oral-nasal infection groups, virus shedding was detected (Figures 2A and 2B and Table 1 ). When detected by RT-PCR, virus shedding was detectable from post-infection day (PID) 5 for the orally infected pigs and from PID 1 for the combined oral-nasally infected pigs. Consistent with the RT-PCR results, viral titers peaked between PID 5 and PID 8 for the orally infected pigs, as determined using Taqman real-time PCR. For the combined oral-nasally infected pigs, virus titer peaks ranged from PID 1 and PID 4 and were typically lower than the peaks observed in the orally infected pigs. Both groups began shedding virus from PID 1 and continued until PID 18 and PID 12 (ranging from 2.16310 3 to 2.22310 8 RNA copies/mL) for the orally and the combined oralnasally infected pigs, respectively. No viral RNA was detected in the control group. The EV71 VP1 protein was detected at concentrations up to 5 ng/mL in rectal swab samples from both orally and combined 
oral-nasally infected pigs using the EV71 VP1 ELISA kit (Abnova, Taipei City, Taiwan) (data not shown). To detect live and infectious viruses, the CCIF assay was performed; low viral titers (40-160 FFU/ mL) were detected in orally infected pigs (data not shown). Therefore, while high viral RNA titers were detected in rectal swab samples, viral proteins or infectious virus particles were not abundantly shed in the EV71-infected pigs. Virus tissue distribution and titers at different time points after infection were determined using Taqman real-time PCR and immunohistochemistry. For the combined oral-nasally infected pigs, viral capsid proteins were detected in the cytoplasm of enterocytes in the small intestine on PID 7 and PID 14 ( Figure 2C ). Additionally, a high virus titer was detected in many tissues, including small intestine, central nervous system and lung, in the infected pigs on both PID 7 and 14; in contrast, no viral RNA was detected in the control pigs ( Figure 2D ). Antigen presence and tissue viral titers were not determined for the orally infected pigs due to a lack of tissue samples.
Clinical signs in pigs mimic human patients
After infection of neonatal gnotobiotic pigs with the EV71 BJ110 strain, clinical signs were monitored twice daily from PID 0 until the time of euthanasia, which ranged from PID 7 to PID 28. Body temperatures in the combined oral-nasally infected group were significantly higher than in the mock control group or in the orally infected group on PID 4, 5 and 6 ( Figure 3A) . No significant differences in body temperature were observed between the orally infected group and the mock control group at any time points ( Figure 3A ). As observed in human patients, fever (i.e., body temperature o40 6 C) and lethargy were two of the most frequently observed clinical manifestations among the combined oral-nasally infected pigs ( Figure 3A antigen on PID 7 and PID 14 in the ileum of gnotobiotic pigs infected with the EV71 BJ110 strain through the oral-nasal route at a dose of 5310 8 FFU by immunofluorescence staining. A mouse anti-EV71 capsid protein VP1 monoclonal antibody (Abcam) was used as the primary antibody, and a goat anti-mouse IgG1 antibody labeled with fluorescein isothiocyanate (Sigma-Aldrich) was used as the secondary antibody. Nuclei were stained red by propidium iodide (Invitrogen). (D) Taqman real-time PCR detection of EV71 viral RNA in tissues of infected gnotobiotic pigs at PID 7 or PID 14. The route of inoculation and the euthanasia time (in parentheses) of the pigs are marked in the legends. Viral titers are presented as the mean of two replicates for the same sample. The negative samples are shown as blank on the bar graph. All data are representative of at least two independent experiments. BG, basal ganglia; CCC, caudal cerebral cortex; Duo, duodenum; Jej, jejunum; MLN, mesenteric lymph nodes; OB, olfactory bulb; RCC, rostral cerebral cortex; SC-C, spinal cord-cervical; SC-L, spinal cord-lumbar; SC-T, spinal cordthoracic; SC-S, spinal cord-sacral.
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and Table 2 ). Occasionally, vesicles were present in the snouts of the infected pigs ( Figure 3B ). The observed neurological signs included limb weakness, particularly forelimb weakness, diminished reflexes, ataxia, myoclonic jerk, convulsions and in some pigs, irritability and involuntary movements of the mouth, facial muscles and ears ( Figure 3C ). No neurological signs were present in the control pigs ( Figure 3D ). Respiratory signs, including fast and deep breathing (i.e., tachypnea and hyperpnea), open mouth breathing and peculiar laying position, were observed in six of eight pigs (75%) infected with the EV71 BJ110 strain. These clinical signs were more frequently observed in the combined oral-nasally infected pigs than in the orally infected pigs. However, none of the infected pigs that exhibited neurological and respiratory signs progressed to cardiopulmonary failure or death during the study period. No clinical signs were observed in the mockinfected pigs. In addition, the sterility of the gnotobiotic pigs was monitored weekly by plating rectal swab samples on blood agar plates and thioglycollate medium. All bacterial cultures were negative for all of the gnotobiotic pigs used in this study. This result excludes the possibility that the observed clinical signs were caused by extraneous microbial intestinal infections.
Pathology in neonatal gnotobiotic pigs infected with EV71
Multifocal mottling with petechial hemorrhages and swelling were observed in the lungs ( Figures 3E and 3F ) in two of eight infected pigs: one orally inoculated pig on PID 29 and one oral-nasally inoculated pig on PID 21. No gross lesions were observed in any other tissues, except for hemorrhages and atrophy of mesenteric lymph nodes.
Histopathological changes were only observed in the lungs, small intestine, particularly in the ileum, and mesenteric lymph nodes of neonatal gnotobiotic pigs infected with EV71 ( Figure 4 ). Peribronchial and alveolar hemorrhage and edema were present, with infiltration of lymphocytes, prominent peribronchiolar lymphoid tissue and thickening of the alveolar septae. Occasional neutrophils were observed in the bronchi. In addition, hemosiderin-laden macrophages were Human enterovirus 71 infection of neonatal gnotobiotic pigs X Yang et al 7 observed in the alveolar space. Hemorrhage and infiltration of lymphocytes were also observed in the pleura. In the small intestine, the EV71-infected pigs exhibited an increased size and number of Peyer's patches and a significantly larger amount of immune cells in the lamina propria. Scattered eosinophils were observed in the mucosa of the duodenum, jejunum and ileum, and vacuolated lymphocytes were noted in the Peyer's patches of the ileum. No severe lesions were present in the intestinal epithelium at the investigated time points (i.e., 7, 14, 21 and 28 days after infection) (Supplementary Figure  S1) . Prominent hemorrhage, numerous hemosiderin-laden macrophages in the walls of sinuses, a reduction of lymphoid tissue and infiltration of eosinophils were observed in the mesenteric lymph nodes (data not shown). No lesions were observed in any part of the central nervous system, including the cerebral cortex, cerebellum, brainstem and spinal cord. In addition, no microscopic lesions were observed in the other examined tissues, including the heart, skeletal muscle, kidney, spleen, liver and tongue.
Robust adaptive immune responses in EV71-infected pigs
To examine the adaptive immune responses that occur during EV71 infection in neonatal gnotobiotic pigs, the frequencies of virus-specific IFN-c-producing CD3 
IFN-c 1 T lymphocytes among the total CD3
1 mononuclear cells are presented for the blood ( Figure 5A ). Compared to the mock control group, the combined oral-nasal infection group exhibited higher frequencies of the CD4 1 Tcell subset in the blood and the brain. However, lower frequencies of this subset were observed in the lung on both PID 7 and PID 14. For the CD8 1 T-cell subset, a higher frequency was induced in the ileum on PID 7 and in the blood and the brain on PID 14. In contrast, the frequency of this subset was reduced in both the brain and the lung on PID 7 and in the lung on PID 14 ( Figure 5B ). However, the observed changes in the frequencies of both T-cell subsets were not statistically significant.
The results from the serum virus-neutralizing antibody assay demonstrated that significantly higher neutralizing antibody titers were induced in orally inoculated pigs on PID 7, PID 14 and PID 21 compared to the baseline on PID 0 ( Figure 5C ). Significantly higher antibody titers were also induced in the combined oral-nasally infected pigs on PID 7 and PID 14 compared to the baseline on PID 0. However, significantly higher serum antibody titers were induced in the orally infected pigs than in the combined oral-nasally infected pigs on both PID 7 and PID 14. Serum neutralizing antibody responses were not determined beyond PID 21, except in one orally infected pig that had a slightly reduced titer on PID 28 compared to PID 21.
DISCUSSION
Due to the ongoing extensive and severe EV71 epidemic in Asia, which is associated with high morbidity and mortality rates and a lack of appropriate treatments, effective vaccines and therapeutic drugs must be developed. Substantial progress has been made in our understanding of basic EV71 virology; this progress may facilitate intensive efforts among researchers, governments, and industries to develop vaccines and antiviral drugs that target EV71. For example, the crystal structure of EV71 was recently determined. 30, 31 However, one major obstacle that remains is the lack of a reliable working animal model for EV71 infection. In this study, we provide clear evidence that neonatal gnotobiotic pigs can be infected both orally and oral-nasally, resulting in virus shedding patterns, neurological and respiratory signs, and Tcell and antibody responses that mimic human disease. A comparison of the oral infection group to the combined oral-nasal infection group revealed that the oral infection group exhibited higher fecal virus shedding, lower body temperature (i.e., the absence of fever versus fever in the combined oral-nasal infection group), higher serum neutralizing antibodies and less severe clinical signs than the combined oral-nasal infection group. Therefore, gnotobiotic pigs can be used as an alternative animal model for the currently available murine and non-human primate models.
Intestinal epithelial cells, PBMCs and neural cells are important targets for virus infection, replication, dissemination and pathogenesis during EV71 infection. The finding that porcine intestinal IPEC-J2 cells can be infected by the EV71 BJ110 strain suggests that neonatal pigs can be infected orally, as EV71 is known to resist gastric acid in the stomach. 32 Based on the intensity of the immunofluorescent signal, the short time of infection prior to detection (20 h), and the high viral RNA titers in the infected IPEC-J2 cell culture supernatants, EV71 infection appears to be fairly efficient in IPEC-J2 cells. The growth curve of the EV71 BJ110 strain in IPEC-J2 cells further demonstrates that EV71 replicates effectively in porcine intestinal epithelial cells ( Figure 1C ). Immune cells play an essential role in host defense against EV71 infection, but these cells are also the means by which EV71 spreads and causes lesions and disease in human patients. 32, 33 Lymphopenia is associated with EV71-induced pulmonary edema. 34 In our study, porcine PBMCs were also infected by EV71. In a single experiment, porcine neural cells were infected with EV71; however, viral replication in these neural cells was not robust. The infection of porcine neural cell cultures by the EV71 BJ110 strain is consistent with the detection of EV71 viruses in the brains of human patients and the infection of human neuronal cell lines by EV71 in vitro. 35, 36 However, the pro-inflammatory cytokine responses induced by EV71 may contribute to neurological and pulmonary disease without viral invasion of neurons. 37 Consistent with this idea, we observed increased frequencies of CD3 1 CD4 1 IFN-c 1 T lymphocytes in the brain on both PID7 and 14 ( Figure 5B ). Taken together, this finding and the low replication level of EV71 in neural cells may explain the lack of lesions in the central nervous system of the infected neonatal gnotobiotic pigs in the current study. However, because the neural cells used in the current study are different from neurons and because high viral RNA levels were detected in the central nervous system (Figure 2D ), we cannot rule out the possibility that EV71 productively infects neurons and the associated neuronal injuries are undetected. Taken together, the in vitro infection of pig cell cultures (i.e., IPEC-J2 cells, PBMCs and neural cells) by EV71 supported our in vivo results, which demonstrated that neonatal gnotobiotic pigs can be infected with EV71.
To better represent EV71 infection of children less than 3 years old, 38 5-day-old neonatal gnotobiotic pigs were used in our study. Long-lasting high levels of virus shedding were detected in fecal samples from both orally and combined oral-nasally infected pigs using Taqman real-time PCR. This finding is consistent with our results that demonstrated that more efficient EV71 infection occurs in IPEC-J2 cell culture than in PBMCs; this result suggests that intestinal epithelial cells are the major site of viral replication during EV71 infection in neonatal gnotobiotic pigs. Consistent with the detection of high EV71 shedding titers in fecal samples from the combined oral-nasally inoculated EV71-infected pigs, viral capsid proteins were also detected in the enterocytes of the ileum on PID 7 and PID 14. This result further confirms that EV71 infection and replication in intestinal epithelial cells is efficient and persistent. In short, these results indicate that oral or combined oral-nasal inoculation of neonatal gnotobiotic pigs with EV71 BJ110 allows EV71 to infect and replicate in intestinal epithelial cells effectively and persistently. This result is significant because the EV71 BJ110 strain has not been passaged in pigs. It remains unknown whether EV71 infects and circulates in pigs under natural environmental conditions. Epidemiological studies of swine populations are needed to examine the zoonotic potential of human EV71. Similar to human patients, the clinical signs observed in the neonatal gnotobiotic pigs inoculated with EV71 included typical HFMD symptoms, as well as neurological and respiratory symptoms. However, only occasional skin lesions were observed, suggesting that the EV71 BJ110 strain is not intensely dermotropic in pigs. Interestingly, combined oral-nasal infection caused more severe and frequent neurological and respiratory signs than oral infection alone in neonatal gnotobiotic pigs ( Table 2) . This difference may be caused by the stronger systemic inflammation that is induced by simultaneous stimulation of the mucosal immune system at multiple sites in the combined oral-nasal infection group. This theory is corroborated by the high fever, reduced virus replication and shedding, and resulting lower T cell and serum neutralizing antibody responses observed in this group.
The febrile response that is induced during virus infection is a major defense mechanism for ridding the host of virus replication. Oral inoculation of pigs with EV71 did not induce significant body temperature increases compared to mock-inoculated pigs; this lack of fever may have resulted in the higher titers and longer periods of fecal virus shedding that were observed in these animals. Consequently, the higher viral antigen load induced higher neutralizing antibody titers in the orally inoculated pigs. However, it remains unknown why oral infection by EV71 failed to induce a febrile response in the pigs. The small number of pigs in this group may have been a contributing factor. Additional experiments with a larger number of pigs in each group are needed to address this issue.
While no detailed mechanistic data are available, the following route for the systemic spread of EV71 viruses is likely to occur in the current pig model. Upon oral or combined oral-nasal inoculation, EV71 viruses infect and replicate in small intestinal epithelial cells. Then, EV71 viruses reach the blood circulation, causing viremia and fever. EV71 viruses then spread to target organs, such as the lung, central nervous system, kidney, cardiac muscle and skin, through the blood or lymph circulation systems. After reaching the target organ, EV71 viruses infect and replicate in the cells of the target organ, inducing inflammation or immune responses. These responses are responsible for the removal of the invading viruses. Systemic spread of the virus to different organs occurs at different time points. In particular, the spread of EV71 viruses to the central nervous system results in virus replication in the midbrain, medulla, cervical spinal cord, and caudal cerebral cortex at 7 days post-infection. Replication shifts to the cervical spinal cord and rostral cerebral cortex at 14 days post-infection. Based on the tissue viral RNA titers ( Figure 2D ) obtained in the current study, it remains unknown how long EV71 viruses persist in different target organs. It is also unclear whether any additional target organs are involved. Future experiments comparing the viral tissue distribution at different time points are necessary to identify differences in the systemic spread of EV71 viruses between the oral and combined oral-nasal infection groups.
Despite the observed clinical signs and the presence of high titers of viral RNA, it remains unclear why no extensive tissue damage or massive inflammation was observed in the central nervous system or in other tissues, including intestinal tissues. This lack of damage may be due to the lack of normal microbiota in these gnotobiotic pigs. The gut microbiota is increasingly recognized as a major contributor to mucosal and systemic inflammation and to diseases. 39 In the lung, the lesions, such as edema and focal hemorrhage, which were observed in two of eight inoculated pigs, have also been observed in fatal EV71 infections in humans. 40 However, these lesions were observed in only 25% of all inoculated pigs and were absent in some pigs that displayed respiratory symptoms. Due to the small number of pigs included in the current study, the possibility that these lung lesions were caused by factors other than EV71 infection alone cannot be ignored. The presence of pulmonary hemorrhage and edema in combination with respiratory and neurological symptoms in one orally infected pig is particularly interesting, as these features are frequently associated with a high mortality rate in young children. 3 These features have only been observed in intracerebrally inoculated monkeys to date. 41 Together, these pathological results indicate that oral or combined oral-nasal infection by neurovirulent EV71 BJ110 in neonatal gnotobiotic pigs can cause respiratory and neurological lesions and clinical signs similar to those observed in human patients.
In addition to virus replication, shedding, clinical signs and pathology, adaptive immune responses are essential parameters in the evaluation of vaccines, the characterization of immunity, the determination of correlates of protective immunity and the study of immunopathogenesis during EV71 infection. To establish the neonatal gnotobiotic pig model, EV71-specific IFN-c 1 T-cell responses and serum EV71-neutralizing antibody titers were assessed at different time points during EV71 infection. IFN-c plays a major role in host defense against viral infections. Increased EV71 neurovirulence has also been observed in IFN-c receptor-deficient mice. 12 Another study used PBMCs from EV71 patients to demonstrate that significantly lower levels of IFN-c were secreted by PBMCs from patients with pulmonary edema than by PBMCs from patients without pulmonary edema after in vitro stimulation with EV71. 42 Consistent with these results, all of the infected pigs in this study, including three pigs that exhibited both respiratory signs and lung lesions, exhibited reduced frequencies of both CD3 IFN-c 1 T cells in the brain are also consistent with a study that reported significantly higher IFN-c levels in the cerebrospinal fluid from EV71 patients with pulmonary edema than in the cerebrospinal fluid from patients without pulmonary edema. 43 Our data also demonstrated that the frequency of IFNc-producing T cells varies, depending on time point post-infection and tissues infected. These differences highlight the dynamic balance that exists between the protective effects and the immune-pathogenic effects of IFN-c during EV71 infection. This balance is dependent on the infection time course and the involved tissues and may help explain the seemingly conflicting results that have been reported regarding the role of IFN-c during EV71 infection. Serum EV71-neutralizing antibody titers increased from PID 7 to PID 14 and peaked at PID 21 in the orally infected pigs. The same trend was observed in the combined oral-nasally infected pigs from PID 7 to PID 14, although the titer was much lower than in the orally infected pigs. Notably, one oral dose of the EV71 BJ110 strain without any adjuvant induced serum neutralizing antibody titers significantly higher than those observed in human patients. 44 Importantly, these titers were comparable to those achieved by multiple high doses of current candidate vaccines that Human enterovirus 71 infection of neonatal gnotobiotic pigs X Yang et al 10 contain no adjuvants and are administered via non-oral immunization. 45, 46 Therefore, oral challenge of neonatal gnotobiotic pigs with the EV71 BJ110 strain is highly immunogenic. This finding suggests that attenuated EV71 has potential as an oral EV71 vaccine candidate. This high immunogenicity also renders the current gnotobiotic pig model suitable for EV71 vaccine evaluation.
By virtue of this report, the neonatal gnotobiotic pig model is one of the most comprehensively described animal models for EV71. The results presented here demonstrated that neonatal gnotobiotic pigs represent a suitable alternative animal model for the currently used mouse and non-human primate models for EV71. First, the observation of pulmonary hemorrhage and edema (although the causality of these symptoms is debatable), as well as neurological and respiratory signs in the orally infected neonatal gnotobiotic pigs, makes this pig model a unique neonatal animal model. A recent study in 3-to 3.5-year-old Rhesus macaques demonstrated that only mild lesions were present in the central nervous system and lungs after oral and respiratory route inoculation. 41 The results presented here indicate that pigs can model EV71 infection in humans as well as non-human primates. Second, the use of the neurovirulent EV71 BJ110 strain, which is a member of the C4 genotype, is important for the development of vaccines and therapeutics for the ongoing EV71 epidemic. 47 Third, no previous animal models for EV71 have been established using gnotobiotic animals. Our gnotobiotic pig model of EV71 infections allows for more specific studies of viral pathogenesis, immunogenicity and vaccine efficacy and for the development of antiviral therapies. Fourth, unlike studies in mice, 11, 48 the EV71 strain used in this study has not undergone host adaption in pigs; thus, our gnotobiotic pig model more accurately reflects the pathogenicity of EV71 in humans. Taken together, pigs are a particularly attractive alternative animal species for an improved animal model of EV71 infection.
In summary, our study provides in vitro and in vivo evidence that neonatal gnotobiotic pigs can be orally and oral-nasally infected by the recently isolated, non-pig-adapted neurovirulent human EV71 BJ110 strain. Long-term shedding of high virus titers in fecal samples (i.e., up to 18 days post-infection, with a peak titer of 2.22310 8 RNA copies/mL) and spreading of the virus from intestinal tissues to the central nervous system and to respiratory system tissues were observed. Infection resulted in the development of some HFMD clinical signs, as well as neurological and respiratory signs that mimic some symptoms of the severe EV71 diseases that occur in human infants. Significant changes in the frequencies of both CD3 High serum EV71-neutralizing antibody titers were also induced in both orally and combined oral-nasally infected pigs. Together, these results demonstrate that neonatal gnotobiotic pigs represent a promising novel animal model species for the preclinical evaluation of vaccines and antiviral drugs, as well as for elucidating the underlying mechanisms of pathogenesis during EV71 infection in humans.
